I. INTRODUCTION

M
EMS technology is gradually also penetrating into mainstream instrumentation and measurement (I&M) applications [1] - [8] . A critical component in many professional instruments is the internal dc reference. The pull-in voltage of beams of different designs has been investigated with the purpose of using the micromechanical structure as an on-chip voltage reference [6] , [8] . Such a device may find application in integrated circuits, next to the conventionally used bandgap reference, and in metrology, where Zener references are widely used as so-called "transfer standard." The latter application area is especially promising, as the operation of a Zener diode is based on avalanche breakdown and is associated with a high noise level.
The electrostatic force in a vertical field is inversely proportional to the square of the deflection and the restoring spring force of the beam is, in a first approximation, linear with deflection. Therefore, an unstable system results in case of a deflection beyond a critical value. The pull-in voltage is defined as the voltage that is required to obtain this critical deflection. The basic phenomenon is the loss of stability at the equilibrium position , where the elastic forces equilibrate the electrostatic ones. Two methodologies are generally used: 1) the dynamic system approach, in which the electromechanical system is described by a set of differential equations, and an analysis of the stability of its equilibrium points is performed (indirect Lyapunov method). 2) the variational approach, in which the equilibrium points and their stability are determined by studying the variations of the total energy . The equilibrium points are given by solving the system of equations ; these are stable if is a local minimum, which is determined by the sign of eigenvalues of . The pull-in voltage is the value of the applied voltage for which the physical equilibrium point loses its stability [9] . The potential energy is composed of the elastic mechanical energy , and the electrostatic energy stored in the electric components . The elastic energy has two components: the built-in strain energy component -and the bending energy resulting from external applied forces . This second approach is used in the next section for the modeling.
So far, the pull-in effect has been mainly investigated for two reasons. The first is to determine the dynamic range limitations of an electrostatic actuator due to pull-in. Basically, pull-in causes the deflection due to electrostatic force to be limited to one-third of the gap between the electrodes, in the case of a motion perpendicular to the capacitor plate orientation [9] . This effect also limits the dynamic range of capacitive accelerometers operating in the feedback mode. The second field of application is in the characterization of the structural material in a surface micromachining process (usually polysilicon) [10] . The residual stress level is an important material property, as it largely determines the load-deflection characteristic in a doublesided clamped structure, in which this stress level cannot be released in an elongation. Generally, a taut beam is desirable, which implies a low tensile stress in the material. Thermal anneal is required to convert the compressive stress in the as-deposited material into such low tensile stress layer [11] . The pull-in voltage of a double-sided clamped structure reduces with compressive stress, due to the dependence on by the strain energy -. Therefore, measurement of the pull-in voltage at given device dimensions is a good indicator for the residual stress in a beam.
In this paper, the pull-in voltage is exploited for the realization of a dc voltage reference. For long-term stability, the residual stress should not affect . Therefore, a single-side anchored beam with the other end free-standing should be used or the beam should be suspended using folded tethers at each end [12] . Both approaches ensure -.
II. MODELING THE PULL-IN STRUCTURE
As long-term stability is the most important property of the device, the modeling was based on a single-sided clamped beam fabricated using crystalline material. First, analytical modeling was used and the results were subsequently verified using finite element modeling (FEM). The specifics of the analytical modeling used are as follows.
1) It is applied to an elastic beam, clamped at one end, and actuated by an electrostatic momentum at the free end, as shown in Fig. 1 . Thus the built-in strain energy is described by: -. The dimensions are: m, m, m, and m.
2) The energy balance is evaluated using two parameters ( and ) to fully determine the configuration (Figs. 1 and  2 ). The elastic energy is described by
3) The electrostatic energy [taking as zero-level energy] is described by
The pull-in voltage can be found analytically by solving the determinant equation the eigenvalues of the associated Hessian at that point can be computed. If any of these has a negative value, then the equilibrium point is unstable, and drawn as a separate line. Fig. 3 presents the results predicted from both analytical modeling and finite element simulations. It is interesting to note that pull-in occurs at , which is equivalent to a deflection of movable electrode equal to m. The maximum displacement operating range before pull-in occurs is of 36% the 2 -m wide gap between the electrodes, which is about the same value as in the classic parallel plate case (1/3). As shown, the predicted pull-in voltage from the analytic model is at V and in reasonable agreement with the FEM results.
III. MICROSTRUCTURE FABRICATION
A modification on surface micromachining, a so-called epi-poly process, was used for the fabrication of 11 -m thick single-side clamped 200 -m long free-standing structures with electrode structures at the tip. Surface micromachining processes are very suitable for the fabrication of such free-standing beams on top of a silicon wafer. The disadvantages of the conventional surface micromachining in this application are twofold. First, it yields a polysilicon structural layer, which is expected to give an inferior long-term stability compared to crystalline silicon. Second, the 5-10 nm/min deposition rate of the conventional low-pressure chemical vapor deposition (LPCVD) limits the practical layer thickness to about 2 m. Epitaxial growth at about 700 nm/min can be used to yield polysilicon layers on top of a dielectric layer with a thickness in excess of 10 m, thus solving the second problem. Such a process is generally referred to as an epi-poly process [13] , [14] . After deposition the thick polysilicon layer can be patterned using deep reactive ion etching (DRIE). Microstructures can subsequently be released by selectively etching the underlying dielectric sacrificial layer using the DRIE holes as access channel. The first concern remains. Part of this research is, therefore, to verify whether the use of polysilicon rather than crystalline material is actually an issue. Initial results presented in the next section do identify other sources as limiting factors.
A fabricated pull-in device is shown in Fig. 4 . The device is basically a free-standing lateral beam anchored at one end (the base) only. The beam can be deflected by electrostatic ac- tuation in the plane of the wafer using a voltage applied across parallel plate capacitors composed of two sets of electrodes located alongside the free-standing tip, with counter electrodes anchored to the substrate. The deflection can be measured using the differential sense capacitor located directly on top of the substrate and aligned with the square-shape electrode at the tip of the beam. These buried polysilicon electrodes are electrically isolated from the substrate and placed symmetrically on either side of a guard electrode placed directly underneath the axial direction of the undeflected beam. Finally, there are electrically isolated stoppers to limit the lateral motion. The electrodes beneath the movable structure are used for capacitive detection of the pull-in voltage. The readout circuit is based on a capacitor bridge with two active arms. The complication in the readout is the aF resolution requirement in the presence of pF parasitic capacitors.
IV. EXPERIMENTAL RESULTS
The measured pull-in voltage was about 9.1 V, which is near the predicted value from Mathematica model ( V). This difference is mainly due to the simplifying assumptions used and to process deviations, tolerances in the beam dimensions, and uncertainties in the value of the Young's modulus used in the numerical computation. Fig. 5 also indicates a profound quality difference between the devices. For proper operation as a voltage reference, the pull-in should be as abrupt as possible. Moreover, the effect should be reproducible. Clearly, de- vice #1 performs much better with respect to both requirements. The origins of these effects require further analysis. Fig. 6 shows the response of a selected device and Fig. 7 indicates that the devices also exhibit hysteresis. This property seriously complicates operation in a feedback loop.
V. CONCLUSIONS
The design and fabrication of a pull-in microstructure for application in metrology has been described in this paper. The feasibility has been demonstrated. First prototypes suffer from limited reproducibility and hysteresis. Experiments from another group on a metal-silicon electrode combination show a polarity dependent drift [6] , [15] . This is not acceptable in I&M applications. The source of drift has been identified as charging of the (native) oxide of the polysilicon beam [16] . After coating the silicon with a metal of suitable work function, much better results are expected. The design of improved devices is forthcoming and measurements are scheduled to verify the long-term stability.
